A large amount of copper (Cu) nanowires was synthesized through the reduction of Cu(OH) 2 by hydrazine in an aqueous solution containing NaOH and ethylenediamine. Besides, Cu nanowires coated by silver nanosheet (denoted as Cu@Ag nanowires) were prepared with a facile transmetalation reaction method. In the meantime, the as-prepared Cu and Cu@Ag nanowires were used as the nanofillers of polyvinyl chloride (PVC), ultrahigh molecular weight polyethylene (UHMWPE) and epoxy resin (EP), and their effects on the thermal properties and mechanical properties as well as friction and wear behavior of the polymer-matrix composites nanocomposites were examined. Results indicate that the as-prepared Cu@Ag nanowires consist of Cu nanowires core and Ag nanosheet shell. The Ag nanosheet shell can well inhibit the oxidation of the Cu nanowires core, thereby providing the as-prepared Cu@Ag nanowires with good thermal stability even at an elevated temperature of 230°C. As compared with Cu nanowires, Cu@Ag nanowires could effectively increase the thermal stability of the PVC matrix composites. Moreover, due to the special morphology and microstructure, the as-prepared Cu@Ag nanowires can effectively improve the mechanical properties and wear resistance of PVC, UHMWPE, and EP.
Introduction
Copper nanowires could have promising applications in electronics [1] [2] [3] [4] [5] [6] , optoelectronics [7] , solar cells [8] [9] [10] , photonics, magnetics, genetic engineering, chemical sensors, and lubrication [11, 12] , due to their unique characteristics such as high electrical conductivity and thermal conductivity as well as high aspect ratio and tribological properties. Particularly, copper nanowires often can effectively improve the mechanical properties, thermal properties, and wear resistance of polymers such as polystyrene [13, 14] and polyamide 6 [15, 16] .
A variety of methods such as solution-phase method and complex-surfactant-assisted hydrothermal reduction approach are currently available for the synthesis of Cu nanowires [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Here the solution-phase method uses hydrazine (N 2 H 4 ) to reduce Cu 2+ ions in the highly basic aqueous solution of copper nitrate (Cu(NO 3 ) 2 ) at 25-100°C in the presence of ethylenediamine (EDA, C 2 H 8 N 2 ) as the surface-capping agent [32, 33] . The resultant Cu nanowires have a length of >40 μm and a diameter in the range of 60-160 nm, where a high concentration of NaOH (pH = 13-14) is required to prevent copper ions from forming copper hydroxide precipitates. The so-called complex-surfactant-assisted hydrothermal reduction approach can achieve facile synthesis of metal copper nanowires with an average diameter of 85 nm and a length of several tens of micrometers [34] , where the copper nanowires are formed through the reduction of CuII−glycerol complex (Cu(C 3 H 6 O 3 )) by phosphite (HPO 3 2− ) at 120°C in the presence of surfactant sodium dodecyl benzenesulfonate (SDBS).
The synthesis and application of Cu nanowires, however, are still challenging because Cu nanowires are liable to spontaneous oxidation in air. Therefore, it is imperative to adopt carbon materials [36] [37] [38] [39] , polymers [40] , and metals [10, [41] [42] [43] [44] [45] as the sources to introduce nonoxidizable shells on the surface of Cu nanowires, thereby preventing them from oxidation.
Among various surface-capped Cu nanowires, the metal-capped ones are of special interest, because they can be well prevented from oxidation while basic characteristics of metals are retained. We are particularly interested in Ag as a potential surface-capping shell of Cu nanowires. This is because, with thermal conductivity and electrical conductivity similar to that of Cu, Ag exhibits excellent oxidation resistance [46] [47] [48] [49] [50] [51] . A couple of Ag-capped Cu nanowires have been reported elsewhere, mainly involving Cu nanowires-Ag nanowires synthesized in solution phase by the heterogeneous nucleation and growth of Ag nanocrystals on presynthesized Cu nanowires [50] and Cu@Ag nanowires with rough surface obtained by the transmetalation reaction at the room temperature [51] . The Cu nanowire cores of these Ag-capped Cu nanowires indeed can be well prevented from oxidation. However, the Ag shell of Cu@Ag nanowires consists of Ag nanoparticles, which is unfavorable for achieving full contact between the nanofillers and polymer matrix.
Therefore, in the present research, we prepare Ag nanosheets on Cu nanowires, hoping to achieve a large contact area between the nanofillers and polymer matrix, thereby acquiring improved mechanical properties and wear resistance. This article reports the preparation of Cu@Ag nanowires as well as the evaluation of their oxidation resistance. Besides, it also deals with the effect of Cu@Ag nanowires on the mechanical properties, thermal properties, and wear resistance of polyvinyl chloride (PVC), ultrahigh molecular weight polyethylene (UHMWPE), and epoxy resin (EP).
Preparation and characterization of Cu nanowires
Cu nanowires were prepared through the reduction of Cu(OH) 2 by hydrazine in an aqueous solution containing NaOH and ethylenediamine (EDA), with which the approach developed by Zeng et al. was modified to scale up the reaction by 3900 times (yield of Cu nanowires from 0.006 g to 23.5 g of) for potential large-scale production [30] . Briefly, NaOH (18 L, 7 M), Cu(OH) 2 (0.36 mol), EDA (135 mL), and hydrazine (18 mL, 35 wt.%) were added to a 20 L reactor and heated at 80°C for 30 min to achieve the reduction of Cu
2+
to metallic copper at a rate of 100% + ions are reduced into Ag atoms and deposited on the surface of the Cu nanowires, during which the color of Cu nanowires dispersion turns grey along with the appearance of metallic Ag. Therefore, the morphology and microstructure of the as-prepared Cu@Ag nanowires should be highly dependent on the reaction conditions. Through comprehensive analysis, the optimal reaction condition is that temperature is 40°C; Cu/Ag molar ratio is 5:1; Cu dispersion concentration is 1% and silver ammonia reagent dropping speed is poured directly. 
Preparation and characterization of Cu@Ag nanowires
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small peak at 2θ = 35.5° can be indexed to CuO (PDF No. , which is possibly due to the oxidation of original Cu nanowires before coating with Ag nanosheets. In terms of the element line distribution, the copper element has a maximum value at the center part whereas the Ag shows a complementary profile with two maxima on both sides (Figure 2c ). This indicates that the as-prepared Cu@Ag nanowires have a core-shell structure composed of Cu core and Ag shell. Such a core-shell structure of the as-prepared Cu@Ag nanowires is also supported by corresponding TEM image shown in Figure 2d . Namely, there is a layer of Ag nanosheets on Cu nanowires. Moreover, the high-resolution TEM (HRTEM) image of Cu@Ag nanowires indicates that the Ag crystal exhibits a fringe lattice spacing of 0.25 nm (Figure 2e) , and it corresponds to the (200) plane of the Ag crystal.
The thermal stability of Cu@Ag nanowires with different treatments was measured by XRD. Figure 3a shows the XRD pattern of Cu@Ag nanowires prepared under the optimal condition after 2 month of storage in ambient condition. All the characteristic peaks remain unchanged after 2 month of storage in air, which indicates that the Ag shell layer can well inhibit the oxidation of the Cu nanowires core. Figure 3b shows the XRD patterns of the same product after being sintered at different temperatures. It can be seen that the XRD patterns have no change before 200°C contrasted with the XRD of as-prepared samples, while after being sintered at 300°C, a distinct peak of Cu 2 O emerges and the major peaks of metallic Cu and Ag still remain, which indicates the Ag coating can protect Cu nanowires core from oxidation at high temperature. This means that the Cu@Ag nanowires show better thermal stability than Cu nanowires.
In order to further determine oxidation resistance of Cu@Ag nanowires, TG analysis was conducted in air flow. Figure 4 shows the TG curves of the as-prepared Cu nanowires and Cu@ Ag nanowires in air. The TG curves show Cu nanowires undergo a weight-gain around 100°C attributed to the oxidation thereat, while the Cu@Ag nanowires began to add the weight at around 230°C indicating that Cu@Ag nanowires have the higher oxidation resistance temperature, which also demonstrates that Cu@Ag nanowires exhibit much better thermal stability than Cu nanowires. 
Cu/Cu@Ag nanowires-PVC nanocomposites
The component and dosage for the preparation of Cu/Cu@Ag nanowires-PVC composites materials are listed in Table 1 . The raw materials were mixed with mechanical stirring for 20 min, then melt blended by a laboratory two roll mill with a rotate speed of 50 rpm under 100°C for 10 min. The milled sheets were compressed by a press machine at 175°C and 20 MPa for 5 min. The samples for performance test were cut from the final sheets. Nanowires -New Insights
Thermal properties of Cu/Cu@Ag nanowires-PVC nanocomposites
Thermal properties of the composites were studied by differential scanning calorimetry (DSC). DSC curves were obtained by heating at 10°C/min rate under N 2 at a flow rate of 100 mL/min in the range of 20-120°C by using NETZSCH DSC 204HP instrument (Bavarian, Germany). The heated sample was cooled to 20°C and reheated for the second time using the same heating program.
An exemplary DSC heating curve for Cu nanowires-PVC nanocomposites is presented in Figure 5 , with the indication of the procedure of glass transitions temperatures (Tg) determination as a central point value of the tangent line to the DSC curve, at the inflection point where the characteristic augment of the base line, related to the increase of the specific heat, was used for the determination of the glass transition. For all samples, the run of the DSC curve at the domain of the glass transition was similar.
The Tg of the Cu@Ag nanowires-PVC nanocomposites is presented in Figure 6 . It can be seen that, as compared with Cu nanowires, the introduction of Cu@Ag nanowires results in a larger increase in the Tg value. Besides, the Tg of the Cu@Ag nanowires-PVC nanocomposites tends to rise with the increase of Cu@Ag nanowire content. This is because, with the increase of the Cu@Ag nanowire content, more Cu@Ag nanowires act as physical crosslinkers to be intertwined with macromolecular chains, thereby reducing the chain segmental mobility of PVC and increasing the Tg. However, when the content of Cu@Ag nanowires is too high, the Tg values of the PVC-matrix nanocomposites declines to some extent. The reason lies in that a too high content of Cu@Ag nanowires would tend to agglomerate in the polymer matrix and weaken the interaction with the macromolecular chains, thereby limiting the movements of the macromolecular chains and reducing the Tg value of the PVC-matrix nanocomposites. Moreover, the presence of Cu@Ag nanowires in PVC matrix contributes to increasing the elasticity especially in the glass transition region, which corresponds to enhanced thermal stability of the PVC-matrix nanocomposites.
Mechanical properties of Cu/Cu@Ag nanowires-PVC nanocomposites
Mean values of five factors on mechanical properties were analyzed in this work. The tensile strength and elongation at break of these samples are shown in Figure 7 . From Figure 7 , it can be seen that the elongation at break of composite materials all increase to varying degrees by addition of the nanowires. And the effect of Cu@Ag nanowires is much larger than the Cu nanowires. Meanwhile, the tensile strength keeps no change on the whole. 
Tribology properties of Cu/Cu@Ag nanowires-PVC nanocomposites
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increasing amount of copper nanowire, while the wear rate changes greatly therewith. Namely, pure PVC (without Cu nanowires) has a larger wear rate as much as 1.42 × 10 /N m (reduced by nearly 60%). It can be clearly seen that lower or higher concentrations of fillers in the matrix are less effective in reducing the friction coefficient and wear rate. It can be inferred that, at a too low concentration, the nanofillers can hardly play its role on the friction-reducing and wear resistance in the friction process, thereby leading to relatively not very good friction property. When the additive concentration is too high, the nanofiller would tend to agglomerate and form a large number of weak interfaces in the matrix, which makes the nanofillers easily fall off from the matrix in the friction process causing a higher abrasive wear [52] , thus resulting in relatively poor friction property. Therefore, it is suggested to keep the concentration of the nanofillers in polymer matrix as 0.5 wt.% Cu@Ag nanowires in order to effectively reduce the friction coefficient and wear rate. Moreover, the wear rate of Cu nanowires-PVC nanocomposites tends to decline with the increasing content of the Cu nanowires, and the minimum wear rate (0.85 × 10 −3 mm 3 /N m) is obtained at a Cu nanowires content of 0.1 wt.%. 
Cu/Cu@Ag nanowires-UHMWPE nanocomposites
The component and dosage for the preparation of Cu@Ag nanowires-UHMWPE composites are listed in Table 2 . The nanowires and UHMWPE raw material were mixed with ball milling for 1 h. The mixture was heated to 200°C and pressed under 20 MPa for 10-20 min, followed by cooling to room temperature in the mold to afford the Cu@Ag nanowires-UHMWPE nanocomposites. All the samples for performance test were cut from the final sheets.
Crystallization and melting behavior of Cu/Cu@Ag nanowires-UHMWPE nanocomposites
The crystallization and melting behavior of Cu/Cu@Ag nanowires-UHMWPE nanocomposites were studied by differential scanning calorimetry (DSC). DSC curves in the range of
20-200°C
were measured with a NETZSCH DSC 204HP instrument (Bavarian, Germany) at a heating rate of 10°C/min under N 2 atmosphere (flow rate: 100 mL/min). Figure 9 shows the crystallization and melting temperature of Cu/Cu@Ag nanowires-UHMWPE nanocomposites. It is seen from Figure 9a that Cu nanowires have a strong influence on the crystallization and melting temperature of UHMWPE matrix. When the content of Cu nanowires is 0.1 wt.%, the crystallization temperature of nanocomposite rises from 118.10 to 118.32°C, which could be because that the heterogeneous nucleation in the presence of copper nanowire served as nucleating agent contributes to improving the crystallinity of UHMWPE matrix. With the increasing of nanowires content, the crystallization temperature significantly decreases, which indicates that Cu nanowires hinder the orientation of PA6 crystals and restrict the movement of the molecular chains of UHMWPE. When the nanowires content is further increased, the effect of Cu nanowires on the crystallization and melting behaviors tends to decline, possibly due to the aggregation of the nanofillers in the polymer matrix. When the Cu nanowires content reaches 3 wt.%, however, the crystallization temperature decreases again, probably because that the interaction between excess nanowires and molecular chains of UHMWPE is enhanced to restrict the movement of the molecular chains. Correspondingly, a change in melting temperature occurs with the increasing of nanowires content.
Interestingly, the Cu@Ag nanowires have opposite effects on the crystallization and the melting temperature as compared with Cu nanowires, which could be because the Cu@Ag nanowires Table 2 . The component and dosage for the preparation of Cu/Cu@Ag nanowires-UHMWPE composites.
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with unique morphology and microstructure exhibit significantly increased contact area with the UHMWPE matrix.
Mechanical properties of Cu/Cu@Ag nanowires-UHMWPE nanocomposites
The effect of Cu/Cu@Ag nanowires on the mechanical properties of UHMWPE is shown in Figure 10 . We find that the elongation at break of composite materials gradually increases with increasing dosage of Cu/Cu@Ag nanowires; and in particular, the UHMWPE-based nanocomposites with 0.8 wt.% of Cu nanowires or with 0.3 wt.% of Cu@Ag nanowires possesses the maximum values of elongation at break (168 and 190%, respectively), larger than that of unfilled UHMWPE by 78.5 and 101.9% (Figure 10a) . Besides, the elongation rate at break of the UHMWPE-based nanocomposites tends to decline with further increase of nanowires content, possibly due to the aggregation of the nanowires thereat. Moreover, the elongation rate at break of Cu@Ag nanowires-UHMWPE is higher than that of Cu nanowires-UHMWPE, which could be closely related to the special morphology and microstructure of the Cu@Ag nanowires. Furthermore, the UHMWPE-based nanocomposites change slightly with increasing dosage of Cu/Cu@Ag nanowires. The UHMWPE-based nanocomposites with 0.3 wt.% of Cu nanowires or with 0.5 wt.% of Cu@Ag nanowires possess the maximum values of tensile Figure 11 shows the friction coefficient and wear rate of Cu/Cu@Ag nanowires-UHMWPE nanocomposites (load: 250 N; route: 5 mm; frequency: 2Hz; time: 5 min; room temperature).
Tribology properties of Cu/Cu@Ag nanowires-UHMWPE nanocomposites
For Cu nanowires-UHMWPE nanocomposites (Figure 11a) , the friction coefficient and wear rate of Cu nanowires-UHMWPE nanocomposites gradually decrease with increasing dosage of Cu nanowires; and the friction coefficient is rather large when the Cu nanowires content is below 0.3 wt.%. This may be because that when the content of Cu nanowires is too low to play its role on the friction-reducing and wear resistance in the friction process, thereby leading to relatively not very good friction property. Cu@Ag nanowires-UHMWPE nanocomposites show similar variation tendency as Cu nanowires-UHMWPE nanocomposites (Figure 11b ) except the one with 3 wt.% of Cu@Ag nanowires is somewhat different.
Cu/Cu@Ag nanowires-EP nanocomposites
The Cu/Cu@Ag nanowires-EP (epoxy resin) nanocomposites were prepared by mixing the raw materials with high-speed mixers (1500 rpm, 3 min) in association with curing in the mold under ambient conditions. The content of each component is shown in Table 3 .
The electrical conductivity Cu/Cu@Ag nanowires-EP nanocomposites
In general, the electrical conductivity of silver and copper is similar. The special structure of Cu@Ag nanowires makes it feasible to significantly improve the electrical conductivity of Cu nanowires by incorporating Ag shell because of their better oxidation resistance and more conductive network in the polymer matrix nanocomposites. We measured the electrical resistivity of EP-matrix composites filled with Cu and Cu@Ag nanowires using a Hall effect In other words, encapsulating Cu nanowires with Ag nanosheets makes it feasible for the copper nanowires to be applied as potential electrostatic conductive filler, thereby broadening their application scope.
Mechanical properties of Cu/Cu@Ag nanowires-EP nanocomposites
The tensile strength and the elongation at break of pure EP and its nanocomposites filled with
Cu nanowires or Cu@Ag nanowires are shown in Figure 13 . Both the tensile strength and elongation at break increase after the introduction of Cu nanowires and Cu@Ag nanowires. Particularly, the EP-matrix nanocomposite with 0.8 wt.% of Cu nanowires exhibits the maximum tensile strength of 74.2 MPa, while the one with 1 wt.% of Cu@Ag nanowires exhibits the maximum tensile strength of 67.5 MPa. In addition, compared with the change of the elongation at break values, the tensile strength has little change with the increase of nanowires content. When the content of the nanowires is too high, the tensile strength and elongation at break are relatively low, which could be due to the aggregation of the nanowires in EP matrix at a high content. /N m; a reduction by 14.1 and 70.5% as compared with that of neat EP). However, the increase in the content of the Cu nanowires above 0.5 wt.% results in increased friction coefficient and wear rate, due to aggregation of the nanofillers thereat. Similar variation tendency is also observed for Cu@Ag nanowires-EP nanocomposites. 
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Conclusion
A large amount of Cu nanowires is prepared by a solution-reduction approach, while Cu@Ag nanowires are prepared by a simple and efficient transmetalation reaction method. The morphology and microstructure of the as-prepared Cu@Ag nanowires can be well manipulated by properly adjusting the reaction condition. Resultant Cu@Ag nanowires consist of Cu nanocores and uniformly distributed Ag nanosheet shell, and they exhibit improved thermal stability and electrical conductivity as compared with Cu nanowires, due to the incorporation of the Ag shell. Besides, the as-prepared Cu@Ag nanowires can better improve the mechanical properties and wear resistance than the Cu nanowires.
